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.2012.04.0Abstract The aggressive chemical attack due to salt water is one of many factors affecting the con-
crete deterioration. This effect includes corrosion of concrete and steel due to the exposure to the
aggressive natural or artiﬁcial chemicals such as ammonia and ammonium salts. Ammonia is one
of the compounds substantially in each of the remnants of sanitation plants, industrial or service
of some units within building industrial waste. This work aims to study the effect of different con-
centrations of ammonia in the popular image on the physical, chemical and mechanical properties
of different types of cement such as SRC; OPC and HSC. The electrochemical measurement (linear
polarization systems) as well as infrared spectroscopy (IR) were used in this study. The behaviour of
reinforced steel embedded in SRC; OPC and HSC with (5 wt.%) ammonium sulphate solution were
determined. The results show that ammonia gets a harmful effect on OPC and SRC mortars but
HSC shows high resistivity. Also, the reinforced steel is greatly affected in the aggressive medium
containing ammonium solution.
 2012 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Cement, aggregates and mixing water are the principal compo-
nents of concrete and reinforced concrete mixes, which are of
great importance compared to the other building materials.
Certain additives are added to these components depending1846412.
.com (M.A. Abd El-Aziz),
e).
Shams University.
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11on the area and conditions of the application to enhance the
concrete strength mixes against the physical, chemical,
physic-mechanical effects. The main factor for concrete to ac-
quire a proper strength is the chain of chemical reactions be-
tween cement and mixing water. It is essential that
concentration of ions in the mixing water should not exceed
certain values [1].
Sulphate attack is one of the most aggressive environmental
deteriorations that affect the long-term durability of concrete
structures. The sulphate attack of concrete leads to expansion,
cracking, and deterioration of many civil engineering struc-
tures such as piers, bridges, foundations and concrete pipes.
The sulphate ions coming from the soil, ground water, and sea-
water, are found in combination with other ions such as cal-
cium, sodium, magnesium and ammonium. The resistance ofin Shams University.
Table 1 Chemical composition of the starting materials.
Chemical composition ((%) OPC SRC SC
CaO 64.80 50.90 40.30
SiO2 21.40 25.6 35.50
Al2O3 6.36 3.97 5.40
Fe2O3 3.35 4.95 8.89
MgO 1.85 2.10 2.98
SO3 1.77 1.94 0.11
K2O 0.54 0.11 0.32
Na2O 0.28 0.13 1.25
TiO2 0.02 0.01 0.01
LOI 0.81 0.94 1.38
C3S 48.38 40.54 45.33
C2S 24.15 42.65 36.44
C3A 11.18 5.14 4.87
C4AF 10.19 8.17 11.24
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such as water/cement ratio, permeability, and cement charac-
teristics, which include ﬁneness, cement composition and asso-
ciated caution type [2–10].
Calcium, sodium, magnesium, and ammonium sulphates
are, in increasing order of hazard, harmful to concrete as they
can cause expansion, loss of strength, and eventually trans-
form the material into a mushy mass [11].
The sulphate attack is generally attributed to the reaction of
sulphate ions with calcium hydroxide and calcium aluminates
hydrate to form gypsum and ettringite. Gypsum and ettringite
are formed as a result of sulphate attack are signiﬁcantly more
voluminous (1.2–2.2 times) than the initial reactants [11,12].
The formation of gypsum and ettringite leads to expansion,
cracking, deterioration, and disruption of concrete structures.
The concrete deterioration by the effect of ammonium sul-
phate is the most aggressive concrete corrosion. The concrete
corrosion takes place according to the following mechanism:
CaðOHÞ2 þ ðNH4Þ2SO4 ! CaSO4  2H2O ðGypsumÞ
þNH3 " ðGasÞ
3CaO Al2O3  6H2Oþ 3CaSO4  2H2Oþ 24H2O
! 3CaO Al2O3  3CaSO4  32H2O ðEttringiteÞ
Only expansive gypsum is formed and no protective layer
like brucite is created. This not only leads to expansion due
to the formation of gypsum and ettringite C3AÆ3CaSO4Æ32H2O
but also to intensive dissolution of cement hydrates [13]. An-
other contributory mechanism is likely to be the formation
of ammonia gas, which readily diffuses from the concrete en-
abling the gypsum formation reaction to eventually proceed
to completion rather than to establish equilibrium. Diffusion
of ammonia gas from the concrete will also render the concrete
more porous and permeable and thus more susceptible to fur-
ther attack from ammonium sulphate solution [14,15].
There are little available data concerning ammonium sul-
phate attack; however, some of which indicates that this salt
is very harmful to concrete [16–18]. The role of admixtures
such as silica fume, ﬂy ash, or blast furnace slag on the
improvement in the ammonium sulphate resistance of concrete
has not yet been clearly established; some researchers report a
negative effect [13], while others claim their effectiveness [16].
In a previous study, Pe´ra et al. [18] have shown that silica fume
was more efﬁcient than metakaolin with regard to the resis-
tance of concrete to ammonium sulphate, at a level of 10%
Portland cement replacement. Nevertheless, some swelling oc-
curred and the mass loss was important (10–15%).
EN 206-1: 2000 [19] indicate that, a level of NHþ4 of 15–
30 mg/l should be regarded as slightly aggressive weight loss,
30–60 mg/l as moderately aggressive, and greater than
60 mg/l highly aggressive. Ammonium compounds are found
to occur in sewage, typically 30 mg NHþ4 =l; certain industrial
waste water and sludge treatment processes will have concen-
trations up to 500 mg NHþ4 =l.
2. Experimental techniques
The materials used in this investigation were ordinary Portland
cement (OPC), sulphate resisting cement (SRC) and high slag
cement (HSC) provided from Egypt Cement Company. Alsoammonium sulphate solution 5% was used as aggressive med-
ium. The surface area of SRC, OPC and HSC were 3150, 3061
and 3528 cm2/g respectively. The chemical composition of
these cements is listed in Table 1. Each dry mix was homoge-
nized in a porcelain ball mill with two balls for 1 h using a
mechanical roller to assure complete homogeneity. The pastes
and mortars were mixed with the required water of standard
consistency. The compressive strength was measured on ce-
ment mortars according to ASTM method using 50 mm cubic
moulds [8]. The cement mortars were cured in a humidity
chamber at 23 ± 1 C for 24 h, and then demolded and cured
under tap water for 28 days, then immersed in 5% ammonium
sulphate solution up to 1 year. The hydration behaviour of
each mix was followed by determination of free lime, total
porosity and bulk density. The aggressive attack was deter-
mined through the measurements of compressive strength at
different time intervals up to 1 year.
2.1. The electrochemical measurement
The electrochemical behaviours of reinforced steel are deter-
mined by linear polarization techniques. The working elec-
trode was made in the form of rod with cross sectional areas
of 1 cm2. The rod was coated by epoxy resin leaving only the
base cross sectional area then ﬁxed in a tube with an appropri-
ate diameter by cement mortar to face the test solution. Before
each experiment the exposed area of the electrode was mechan-
ically polished with successively different grades of metallurgi-
cal emery paper starting from 400 to 1200, until it’s surface
becomes free from scratches and other apparent defects. It
was then rinsed with distilled water and dried in air. Analytical
grade chemicals and distilled water were used for preparation
of 5% ammonium sulphate solution. The electrochemical mea-
surements are determined by Volta-lab 40 PGZ100 ‘‘All-in-
one’’ Potentio-state/Galvano-state system (made in France).
2.2. Infrared IR spectroscopy
Infrared (IR) light is electromagnetic radiation with a wave-
length longer than that of visible light, measured from the nom-
inal edge of visible red light at 0.74 micrometres (lm), and
extending conventionally to 300 lm. These wavelengths corre-
spond to a frequency range of approximately 1–400 THz and in-
Figure 2 Total porosity (%) of hydrated OPC, SRC and high
slag cement immersed in ammonium sulphate (5%) up to 1 year.
Figure 3 Free lime (%) of hydrated OPC, SRC and high slag
cement immersed in ammonium sulphate (5%) up to 1 year.
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room temperature.Microscopically, IR light is typically emitted
or absorbed by molecules when they change their rotational-
vibration movements. The infrared spectrophotometer model
Perken Elmar lumbedo 2 was used to conﬁrm the presence of
lime at 3600 cm1 and ammonium sulphate at 1016 cm1.
3. Results and discussion
3.1. Physical properties
The variation of the bulk density of the investigated mixes is
represented in Fig. 1. It is clear that, the bulk density increases
up to 3 months in OPC and 6 months in both high slag and
SRC, respectively. This behaviour is mainly related to the in-
crease of hydration products which precipitate within the pores
originally ﬁlled with water. The reduction of bulk density in all
types of cement may be due to the dissolution of cementenus
matrix. The variations of total porosity of the investigated
mixes are graphically represented in Fig. 2. The results of total
porosity for all hardened specimens are typically correlated
with the results of bulk density, where the total porosity inver-
sely proportional to bulk density.
3.2. Chemical properties
The variation of free lime content with curing time of hardened
cements is shown in Fig. 3. The free lime of plain cement in-
creases up to 3 months then decreases up to 1 year. This is
mainly related to the high liberation of calcium hydroxide
Ca(OH)2, then the free lime content decreases with time and
the rate of its consumption increases to produce gypsum. In
presence of high slag cement, the free lime decreases in all
interval time due to the pozzolanic reaction of slag portion
with the free lime to produce CSH. But this reaction decreases
the pH values due to the formation of weak alkali which de-
creases the stability of CSH. This variation is very important
in the formation passive layer and for the mechanical proper-
ties of cement mortar. This process is reduced sharply in pres-
ence of high slag cement (HSC).
3.3. Infrared spectroscopy (IR)
The variation of Infrared spectroscopy (IR) in HSC, SRC and
OPC cements is represented in Fig. 4. The variation in theFigure 1 Bulk density (g/cm3) of hydrated OPC, SRC and high
slag cement immersed in ammonium sulphate (5%) up to 1 year.band at 3600 cm1 is limited and changed according to the free
lime content. The variation in the band at 1480 cm1 is mainly
related to the carbonation, which is sharply reduces with time.
The effect of ammonium sulphate is explained at 1016 cm1,
which produces the reduction in the formation of CSH due
to the sulphate attack and the reduction in pH .
3.4. Mechanical properties
The variations of compressive strength values of different ce-
ment mortars immersed in 5% ammonium sulphate solution
with curing time up to 1 year are graphically represented in
Fig. 5. The results show that the compressive strength in-
creases for plain cement up to 3 months, then decreases with
time. SRC shows the best results comparing with OPC, which
deteriorates rapidly. This behaviour is mainly related to the
variation of C3A percentage which reacts with gypsum to pro-
duce ettringite.
In high slag cement, the compressive strength increases up
to 6 months due to the formation of binding materials which
result from the pozzolanic reaction. The variation of compres-
sive strength is pointing to the high resistivity of slag cement
which mainly related to the low C3A content and the consump-
tion of free lime.
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Figure 4 IR spectroscopy of hydrated high slag cement, SRC and OPC immersed in ammonium sulphate (5%) up to 1 year.
Figure 5 Change in compressive strength of hydrated OPC, SRC
and high slag cement immersed in ammonium sulphate (5%) up to
1 year.
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Figure 6 Tafel plot of reinforcing steel included in OPC
immersed in (5%) ammonium sulphate solution.
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Figure 7 Tafel plot of reinforcing steel included in SRC
immersed in (5%) ammonium sulphate solution.
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The electrochemical behaviour of reinforced steel imbedded in
different types of cement mortars which immersed in ammo-
nium sulphate solution was determined and graphically repre-
sented in Fig. 6 as Tafel plot diagram. The Tafel plot of
reinforced steel impeded in OPC mortar shows that the free
corrosion potential is shifted to more positive value in most
time intervals. This increases are mainly related to the libera-
tion of calcium hydroxide Ca(OH)2, which produces during
the hydration process. From the variation in Tafel plot, the
passivation process is controlled by cathodic reaction in most
intervals. The variation in Icorr increases with time, due to dete-
rioration of cement and sulphate attack on the passive layer.
The polarization resistance gets the opposite trend comparing
with corrosion current. This behaviour is mainly due to distor-
tion of passive layer on the surface of reinforced steel.
Fig. 7 represents the variation in Tafel plot of reinforced
steel included in SRC mortar. The free potential, is shifted to
more positive. This is mainly due to the variation of free lime
in cement species, which decreases with time, due to the forma-
tion of gypsum. Also, corrosion current is decreased, due to
the formation of passive layer and cement physical protections.
But, the corrosion current density is increased at the end of
determination, due to the sulphate attack. The polarization
resistance gets the opposite direction as shown in OPC.
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Figure 8 Tafel plot of reinforcing steel included in high slag
cement immersed in (5%) ammonium sulphate solution.
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iour of reinforced steel holed in high slag mortar, the free po-
tential, shifted in most intervals to the negative values. This
variation is increased at later ages. The corrosion current den-
sity is decreased with time due to the physical protection in
presence of pozzolanic reactions and chemical passivation.
These results show the high resistivity of cement to sulphate at-
tacks. Also this variation is commented the probability of high
slag to protect steel in high aggressive medium containing
ammonium sulphate solution.4. Conclusions
In this paper a serious of experiments was performed to
investigate the effect of different concentrations of ammonia
on the physical, chemical and mechanical properties of differ-
ent types of cements. The behaviour of reinforced steel
embedded in SRC; OPC and HSC mortars with 5% ammo-
nium sulphate solution were measured. Based on the experi-
mental results presented in this paper, the main conclusions
are as follows:
1. OPC and SRC mortars gets a harmful effect in the aggres-
sive medium containing ammonium sulphate.
2. Solution but HSC shows high resistivity to sulphate ammo-
nium attack.
3. Slag cement must be used in reinforced concrete buildings
subjected to ammonia instead of OPC and SRC.
4. The reinforced steel is greatly affected by the presence of
ammonia and aggressive ammonium ions.
5. Maintenance and treatment must be measured according to
the electrochemical methods.References
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